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Dietary polyunsaturated fatty acids and depression: when

cholesterol does not satisfy'?

Joseph R Hibbeln and Norman Salem Jr

ABSTRACT Recent studies have both offered and contested
the proposition that lowering plasma cholesterol by diet and med-
ications increases suicide, homicide, and depression. Significant
confounding factors include the quantity and distribution of dietary
n—6 and n—3 polyunsaturated essential fatty acids that influence
serum lipids and alter the biophysical and biochemical properties
of cell membranes. Epidemiological studies in various countries
and in the United States in the last century suggest that decreased
n—3 fatty acid consumption correlates with increasing rates of
depression. This is consistent with a well-established positive
correlation between depression and coronary artery disease. Long-
chain n—3 polyunsaturate deficiency may also contribute to
depressive symptoms in alcoholism, multiple sclerosis, and post-
partum depression. We postulate that adequate long-chain polyun-
saturated fatty acids, particularly docosahexaenoic acid, may
reduce the development of depression just as n—3 polyunsaturated
fatty acids may reduce coronary artery disease. Am J Clin
Nutr 1995;62:1-9.

KEY WORDS Alcoholism, dietary fat, arachidonic acid,
docosahexaenoic acid, cholesterol, multiple sclerosis, coronary
artery disease, w-3 fatty acids, depression, postpartum depres-
sion

INTRODUCTION

Recent studies have suggested that lowering scrum choles-
terol reduces death from cardiac causes but may increase
overall mortality due to increased suicide, homicide, and acci-
dents (1-3). A similar association between low serum choles-
terol and increased depression was reported by Morgan et al
(4). In contrast, others have shown no association (5) or oppo-
site results (6, 7). Examination of the differences in the intake
of polyunsaturated fatty acids may explain the conflicting
reports. In a prospective 5-y study, Weidner et al (6) found that
switching patients to a cholesterol-lowering diet was associated
with reductions in measures of depression (r = —0.10, P <
0.02) and aggressive hostility (» = —0.10, P < 0.08) in the
Hopkins Symptom Checklist. In this diet, patients were in-
structed to increase fish consumption, which increased n—3
polyunsaturate intake (6, 8). Similarly, Pekkanen et al (7)
found that lower serum cholesterol was associated with lower
mortality due to accidents and violence in coastal Western
Finland but no association was found in Eastern Finland, which
is inland; thus, the consumption of fish may have been protec-
tive. Although Kaplan et al (9) showed increased aggression in
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primates with a diet that lowered serurm cholesterol, the com-
position of essential fatty acids in the two diets also changed.
Ratios of n—6 to n—3 essential fatty acids increased from ~6:1
on a high-fat diet to ~33:1 on a low-fat dict. In the serum of
violent impulsive offenders, Virkkunen et al (10) noted a
similar increase in long-chain n—6 polyunsaturates and a de-
crease of long-chain n—3 polyunsaturates, when compared
with dict-matched control subjects. Both serum cholesterol and
dietary polyunsaturated fats play a role in the pathogenesis of
atherosclerosis, and both should be ¢xamined in studies of
depression and aggression.

-Dietary polyunsaturated fats and cholesterol are the major
determinants of membrane order (or fluidity) in synaptic mem-
branes. Up to 45% of the fatty acids of synaptic membranes are
essential fatty acids (11). These long-chain polyunsaturated
fatty acids, docosahexaenoic acid (DHA, or 22:6n—3) and
arachidonic acid (AA, or 20:4n—6), can be ingesied directly or
biosynthesized from essential fatty acid precursors (18:3n—3
and 18:2n—6, respectively) (12). Mammals cannot interconvert
fatty acids between n—6 and n—3 families. Unsaturated fatty
acid composition is a major physiological detcrminant of the
biophysical properties of membranes and 22:6n—3 seems
highly specialized for neuronal membrane function (13). 22:6
n—3 is replaced by n—6 fatty acids in n—3 deficiency states
but biophysical properties may not be fully compensated (14).

EPIDEMIOLOGY

Increasing rates of depression among cohorts in the last
century may be influenced by the consumption of increased
amounts of saturated fatty acids and n—6 essential fatty acids
and the decreased consumption of n—3 essential fatty acids.
Increases in the lifetime prevalence of depression in North
America during the last 100 y are dramatic and well docu-
mented by the Epidemiological Catchment Area survey (15).
Since 1900, every progressive cohort (ie, those born between
1930 and 1940) has had a higher lifetime risk of depression
than the previous cohort (ie, those born between 1920 and
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1930). Many stresses of modern life contribute to this effect,
but relative deficiencies in n—3 essential fatty acids may also
intensify vulnerability to depression. On the basis of estimates
of paleolithic nutrition and modern hunter-gatherer popula-
tions, (16) humans evolved on a diet lower in saturated and
higher in polyunsaturated fats than the modern diet. Moreover,
the proportion of n—6 polyunsaturates in the diet has markedly
increased in the last century because of the reliance of agricul-
ture on a few plant species as sources for essential fatty acids
for the domestic food chain (17). Wild and free-range animals
have significantly more n—3 fatty acids in tissues than cur-
rently produced commercial livestock (18). During human evo-
lution, ratios of dietary n—6 to n—3 fatty acids were ~1:1, but
are now estimated to be 10:1 to 25:1 (19, 20). Use of infant
formula, which is devoid of 22:6n—3 in contrast with human
milk, has also increased in the latter half of this century. Lower
concentrations of n—3 fatty acids in formulas compared with
breast milk resulted in decreased cortical concentrations of
22:6n~3 in preterm and full-term human infants (21, 22). One
physiological outcome may be a decreased intelligence quo-
tient in 7-y olds who were formula-fed as infants (23). Just as
increased consumption of saturated fat and the altered ratio of
n—6 to n—3 intake is believed to have increased the incidence
of atherosclerosis in the last century (24), it is suggested here
that decreasing n—3 essential fatty acid intake may also affect
the nervous system, in early development or adulthood, to
increase vulnerability to depression.

Societies consuming large amounts of fish and n—3 fatty
acids appear to have lower rates of major depression. In an
intensive cross-national collaborative study of rates of depres-
sion, North American and European populations showed cu-
mulative rates of depression 10-fold greater than a Taiwanese
population (25). Similarly, in Hong Kong, the prevalence of
single episodes in males and females, respectively, was 0.71%
and 1.30% and of recurrent episodes was 0.55% and 1.11%
(26), described by culturally specific, well-verified, rating
scales (27). However, in North America the rates of major
depression found in the Epidemiological Catchment Area sut-
vey were 4.4% and 8.7% (New Haven, CT), 2.3% and 4.9%
(Baltimore), and 2.5% and 8.1% (St Louis) for males and
females, respectively (28). As expected in countries where fish
is a prominent constituent of the diet, n—3 fatty acid consump-
tion is greater in Chinese and Taiwanese than in North Amer-
ican populations (29). In Japan where fish consumption is high,
rates of depression were estimated at 0.35% and 0.46% for
males and females, respectively (30, 31). In three elderly
Japanese populations, prevalence rates of depressive symptoms
have been reported as 1.9% (n = 16; none with major depres-
sion requiring treatment), as 0.9% n = 5000; all met ICD-9
criteria), and as 0.0% in a rural fishing village where all elderly
inhabitants (n = 708) were interviewed by psychiatrists (32).
Establishment of the magnitude of epidemiological relations
between n—3 intake and depression will require simultaneous
sampling of dietary fatty acid intake and culturally specific
measures of depression, because many factors play a role in
this complex disease process.

CORONARY ARTERY DISEASE AND DEPRESSION

If low n—3 fatty acid intake contributes to depression, and
low n—3 intake contributes to coronary artery disease (33) then
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this hypothesis predicts that depression and coronary artery
disease should be positively correlated. In a meta-analysis of
83 studies, Booth-Kewley and Friedman (34) found a consis-
tent positive association between depression and coronary heart
disease (r = 0.205, P < 0.0000001) and myocardial infarction
(r = 0.259, P < 0.0000001). Depression was more strongly
associated with coronary artery disease (r = 0.205) than were
any other personality variables, including coembined measures
of type A personality (r = 0.136), Jenkins Activity Scale
measures (r = 0.067), or specific measures such as hostility or
competitiveness. Fielding (35) reviewed 30 y of research and
consistently found that premorbid depression predicts coronary
artery disease and poor survival outcome. Depression as a
reaction to acute myocardial infarction was considered sepa-
rately. Felding also suggested that depressive symptoms and
acute myocardial infarction have a common etiology. Major
depression near the time of myocardial infarction predicted
additional adverse cardiac events and cardiac mortality in the
following 24 h, and after 6, 12, and 18 mo (36-39). The
statistically robust positive correlation between depression and
coronary artery disease suggests that if elevated serum choles-
terol predicts coronary artery disease, it should also predict
increased depression, if serum cholesterol is linked to both
illnesses. Therefore, the robust positive correlation between
depression and coronary artery disease (34, 35) is in contrast
with the previously proposed (2-4) association of low serum
cholesterol and increased depression, violence, and serum cho-
lesterol, which would predict a protective effect of depression
on coronary artery disease.

ALCOHOLISM

Depression secondary to alcoholism is common, occurring in
16-59% of alcoholic patients (40, 41), who represent 5-10% of
the US population. Depression occurs more frequently in al-
coholics (58%) than in opiate addicts (32%) or schizophrenics
(28%) (42). Schuckit (43) noted serious depression in 70% of
patients with prolonged heavy drinking and argued that these
depressions were the consequence of the pharmacological ef-
fects of alcohol intoxication, withdrawal, and life crises. Severe
depressive symptoms remitted within 4-6 wk of abstinence
alone. Alcohol is a prooxidant that leads to increased lipid
peroxidation (44, 45). A consequence of increased lipid per-
oxidation may be a decrease in the concentrations of the more
highly unsaturated species such as 22:6n—3. Several studies
have demonstrated that chronic alcohol intoxication depletes
long-chain n—3 polyunsaturated fatty acids from neuronal
membranes (46), which we suggest may facilitate development
of depressive symptoms. With sobriety, depression may re-
solve in patients as polyunsaturated fatty acids reaccumulate in
the nervous system. This hypothesis predicts that supplemen-
tation with dietary long-chain n—3 polyunsaturated fatty acids
may speed resolution of depressive symptoms in recovering
alcoholics.

MULTIPLE SCLEROSIS

The incidence of depression in multiple sclerosis is high and
out of proportion to the incidence found in patients with similar
disabilities, as reported in a meta-analysis of six studies (47).
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Lesion location also does not explain depressive symptomatol-
ogy (48). We suggest that depletion of n—3 fatty acids in the
central nervous system, outside of the plaques, may contribute
to these symptoms. Wilson and Tocher (49) confirmed the
A early observations (50, 51) that the long-chain polyunsaturates
20:4n—6 and 22:6n—3 are reduced in normal-appearing white
matter, compared with control subjects. Marked reductions also
: occur in plasma (52, 53), and 22:6n—3 was not detected in
5 adipose stores (54). Bernsohn and Stephanides (55) suggested
: that deficient dietary intake of 22:6n—3 during critical periods

of brain development could explain the geographical differ-
: ences in the incidence of multiple sclerosis. These geographical
» differences are curiously similar to differences in rates of major

depressions (28). Treatment with mixtures of n—3 and n—6

fatty acids generally results in a mild reduction in relapses but
: a general overall improvement in perception of quality of life
> (56), which may indicate a reversal of depressive symptoms.

POSTPARTUM DEPRESSION

Pregnancy leads to a depletion of maternal plasma 22:6n—3

(57), presumably because of the increased supply of this crit-

ical nutrient to the developing fetal nervous system. A single

» pregnancy depletes maternal plasma 22:6n—3, and multiple

pregnancies cause a progressive decrease in maternal plasma

22:6n—3 concentrations (58). This relative maternal depletion

of 22:6n—3 may be one of the complex factors leading to

! increased risk of depression in women of childbearing age (28)
and in postpartum periods (59).

’ AFFECTIVE DISORDERS

Data on lipid composition in tissues from depressed patients
is sparse. However, Sengupta et al (60) documented decreases
in total serum phosphatidylserine in patients with unipolar
depression. Abnormalities in biophysical measures of mem-
brane order that have been reported in erythrocytes, lympho-
cytes, and platelets of patients with affective illnesses (61, 62)
may be one outcome of alterations in lipid composition. In
contrast with the prediction of this hypothesis, Fehily et al (63)
and Ellis and Sanders (64) found that the concentrations of
22:6n—3 in plasma phosphatidyicholine increased with sever-
ity of depressive symptoms, but these findings are difficult to
interpret because of thc diagnostic heterogeneity of the pa-
tients, lack of dietary assessment, and reported decreases in
total serum phosphatidylcholine in patients with unipolar de-
pression (60). In addition, one-third of these patients were
taking psychotrophic medications, which may cause phosho-
lipidosis (65). Decreased long-chain n—3 polyunsaturated fatty
acids in the blood of depressed patients may reflect several
processes: 1) long-term dietary deficiency of n—3 fatty acids,
increasing vulnerability to depression; 2) insufficient capacity
for elongation and desaturation of n—3 precursors or elevated
catabolism in depressed patients, leading to a state of long-
chain n—3 deficiency; 3) hyperactivation of the hypothalamic
pituitary adrenal stress axis, causing increased degradation of
polyunsaturates; 4) depression, causing changes in dietary fat
selection, which excludes n—3 fatty acids; and 5) other con-
founding factors that are common to depression, eg, smoking.
The clinical studies referenced here do not resolve these
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possibilities. To our knowledge, no study has controlled or
documented dietary polyunsaturate intake, smoking habits,
blood or adipose fatty acid composition, metabolism to long-
chain fatty acids, and quantified depressive symptoms, which
would be required to definitively test this hypothesis.

DIET-INDUCED MEMBRANE DISORPER AND
DISRUPTION OF MULTIPLE NEUROTRANSMITTER
SYSTEMS: A BIOPHYSICAL HYPOGIHESIS

Reduced functioning of adrenergic ¢66) and serotonergic
neurotransmission are central to the pathophysiology of depres-
sion as predicted by the biogenic amine¢ hypothesis. Membrane
essential fatty acids may influence each step in biogenic amine
function, including neurotransmitter production, degradation,
release, reuptake, and binding. Data concerning the specific
effects of dietary long-chain n—3 polyunsaturates on biogenic
amine function are sparse but studies of n—3 and n—6 fatty
acids do suggest that dietary polyunsaturates may effect nora-
drenergic and serotonergic neurotransmission. Phosphatidyl-
serine prepared from brain cortex, theérefore rich in 22:6n—3
(12, 13), increased dopamine, norepinephrine, and epinephrine
concentrations but phosphatidylserine prepared from soybean,
with low concentrations of 22:6n—3, did not effect cat-
echolamines (67). In an animal model of depression, mice
supplemented with lard showed resistance to depletion of brain
serotonin when challenged with reserpine (68). Brain concen-
trations of serotonin and 5-hydroxyindolacetic acid were higher
after a corn-oil diet than after a tallow diet (69). It is difficult
to determine which diet had more total n—3 fatty acids and
more long-chain fatty acids. Perhaps the tallow had greater
amounts of 22:6n—3. In adrenal medullary cells, 20:4n—6
activates tyrosine hydroxylase, the rate-limiting step of cate-
cholamine synthesis (70). Tryptophan hydroxylase activity, the
rate-limiting step of serotonin synthesis, has a nonlinear re-
sponse to small changes in membrane order (71). Monoamine
oxidase activity in brain mitochondria was significantly lower
in rats fed a soybean-oil diet compared with lard (72). These
data suggest that the balance between n—3 and n—6 fatty acids
and other measures of the distribution of fats in the diet, may
modulate the metabolism of biogenic amines.

Receptor function in the nervous system can also be modi-
fied by dietary polyunsaturates. Rats fed a diet deficient in
18:3n—3 showed decreased tissue concentrations of 22:6n—3
and replacement with 22:5n—6 in frontal cortex and striatum (S
Delion, D Chalon, J Jouve, C Couet, G Durand, unpublished
observations, 1993; 12, 13) and in human brain (21, 22).
However, 22:5n—6 may not mimic the biophysical properties
of 22:6n—3 (14). These changes were accompanied by a 55%
decrease in dopamine concentrations and a 13% decrease in
dopamine D, receptor binding (S Delion, et al, unpublished
observations, 1993). Diets rich in sunflower oil (high in n—6)
increase norepinephrine release and o, adrenergic sensitivity
(73) as well as 3, adrenergic binding and coupling to adenylate
cyclase (74, 75). Engler (76) suggested that 22:6n—3-induced
relaxation of vasculature in vitro was specific to o, adrenergic
receptors. However, vascular endothelium from n—3-supple-
mented animals has increased relaxation in response to sero-
tonin, indicating augmented receptor sensitivity (77). Setotonin
binding is markedly altered in vitro by changes in membra
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order induced by 18:2n—6 (78) or by cholesterol (79). Seroto-
nin release from platelets is inhibited by cis-unsaturated fatty
acids and inversely correlated with their melting points (80).
Finally, serotonin reuptake, a site of action for many antide-
pressants, is dccreased by cholesterol and increased by 18:
1n—9 in vitro (81). Therefore, many aspects of biogenic amine
neurotransmission, including its metabolism, release, uptake,
and receptor function, appear to be influenced by dietary fatty
acyl composition and the resulting changes in membrane lipid
composition and biophysical propertics. The high concentra-
tions of long-chain n—3 fatty acids in synaptic membranes
(12), with their unique but not well-understood biophysical

properties (13, 14), indicate that they may have a critical role’

in synaptic neurotransmission.

SIGNAL TRANSDUCTION

Abnormalitics of G protein-mediated signal transduction
have been implicated in affective disorders (82, 83). Schreiber
et al (84) reported hyperfunctional G proteins in manic pa-
tients. Diets enriched with n—3 fatty acids, when compared
with those enriched with n—6 fatty acids or cholesterol, greatly
enhance G, coupling to adenylate cyclase stimulated by gluca-
gon (85) as well as G number (86). In depressed patients,
Pandey et al (87) reported a decrease in B, adrenergic-stimu-
lated cyclic AMP concentrations, which is G protein—depen-
dent. Adenylate cyclase is dependent on its lipid environment
for optimal functioning (88). Mitchell et al (89) have focused
on the critical contribution of fatty acyl chain composition on
G protein-mediated signal transduction. They have demon-
strated that polyunsaturate composition is the primary compo-
nent determining the fractional volume of the membrane,
which predicts kinetics of G, protein diffusional search and
coupling to rhodopsin. Cholesterol appears to have only a role
in fine tuning this classic model of a heptahelical receptor
system, which is secondary to the effects of polyunsaturate
composition. Thus, small changes in membrane structure in-
duced by alterations in phospholipid molecular species may
impair signal transduction, leading to changes in brain function
and behavior (71).

INSULIN RESISTANCE IN DEPRESSION

Insulin resistance, presumably due to receptor insensitivity,
has repeatedly been observed in patients with major depression
(90-92) and in chronic alcoholics after withdrawal, indepen-
dent of liver disease (93, 94). Peripheral depletion of 22:6n—3
may help to explain these findings. Decreased skeletal muscle
concentrations of 22:6n—3 and 22:5n—3 are very highly cor-
related (r = 0.97) with increased insulin receptor insensitivity
in rats fed n—3 and n—6 fatty acids in a variety of ratios (95).
Human rectus abdominus muscle biopsies show similar effects
of 20- and 22-carbon fatty acids and also suggest that elevated
18:2n—6 is associated with increased receptor insensitivity
(96). Retinoblastoma cells enriched with 22:6n—3 show an
increase in insulin binding because of an increase in receptor
number (97).

CALCIUM CHANNELS

Increased intracellular calcium has been documented in de-
pressed patients and is compatible with many clinical observa-
tions of depressive effects of hypercalcemia (98). Interestingly,
addition of exogenous 22:6n—3 lowers stimulated increases in
intracellular calcium by inhibition of L-type calcium channels
in cultured cardiac myocytes (99). If 22:6n—3 has similar
function in the central nervous system in vivo, then depletion
of 22:6n—3 might be expected to increase stimulated calcium
flux and intracellular concentrations. Verapamil (Wyeth-
Ayherst, Philadelphia), which blocks L-type calciug channels
and is useful in treating some affective disorders, may rcverse
the effects of 22:6n—3 depletion on calcium metabelism.

KINDLING AND LONG-TERM POTENTIATION

One possible mechanism by which decreased brain 22:6n—3
may predispose the developing nervous system to depression is
by allowing the development of kindling. Human depression is
a cycling recurrent illness that may be modeled in animals with
a paradigm known as kindling (100). In humans, periods of
severe stresses are often followed by depressions and it is
hypothesized that repeated stress may entrain self-propagating
cycles of depression in vulnerable individuals. In the kindling
paradigm, animals receive electrical or chemical stimulation
repcated daily. These stimulations are initially subthreshold but
eventually induce stereotypic behaviors and seizures. Provided
the environment is held constant, these behaviors become self-
propagating and emerge in the absence of any stimulus, which
is analogous to human depression (100). Kindling is dependent
on NMDA (N-methyl-p-aspartate) stimulation of protein ki-
nase C and other membrane-dependent second messengers
required for the development of long-term potentiation (101,
102). Many protein kinase C species are critically dependent on
the biophysical properties of the membrane determined by both
lipid head group and fatty acyl composition (103). Neuronal
membranes are rich in 22:6n—3, which may facilitate protein
conformational changes and optimal activation of protein ki-
nase C (104). Compared with other dietary fatty acids, 22:6
n—3 has unique effects on protein kinase C (105, 106). Of all
free fatty acids, only 22:6n—3 was able to stimulate the vy
subunit of protein kinase C without diacylglycerol (107). 22:6
n—3 has unique biophysical properties simultaneously allow-
ing optimal packing and maximal acyl chain disorder that
cannot be duplicated with other polyunsaturates from the n—6
or n—3 family (14). Phosphatidylcholine species with 22:6n—3
stabilize protein kinase C, either potentiating or attenuating its
activity (108). Lithium, which clinically dampens affective
cycling, also attenuates protein kinase C membrane transloca-
tion in response to serotonin (109). Lithium-induced increases
in 22:6n—3 and 20:4n—6 in phosphatidylethanolamine and
phosphatidylinositol in rat brain synaptosomes may account for
this effect (110). Valproic acid, a short-chain fatty acid, may
also alter fatty acyl composition. Thus, a small increase of
neural 22:6n—3, mediated by either diet or lithium, may lead to
a more optimal environment for NMDA-protein kinase C
signal transduction and thus may dampen development of
depressive cycles in response 1o Stresscs.
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REPEATED STRESSES MAY INDUCE
POLYUNSATURATE DEPLETION

Repeated periods of emotional stress may lead to a reduction
of neuronal long-chain polyunsaturates as well as kindling
| self-propagating periods of depression. Gulyaeva et al (111)
; noted increased lipid peroxidation in brain tissue during 3 wk

of emotional and pain stress in rats. This chronic stress regimen
S initially induced superoxide dismutase activity (which pla-
teaued and was apparently overwhelmed) leading to increased
peroxidation products, decreased neuronal phospholipids, and
behavioral changes consistent with depression. Similarly, 2 wk
* of repeated immobilization stress led to structural and func-
tional (Na™-K* ATPase) biophysical perturbations in synap-
tosomal membranes of rat cortex (112). In an acute-stress
paradigm, 24 h of immobilization doubled concentrations of
thiobarbituric acid reactive substances in rat brain (113). Six
hours of immobilization markedly reduced concentrations of
ascorbic acid in striatum, hypothalamus, and hippocampus
> (114), which may indicate depletion of protective antioxidants.
One hour of immobilization reduced superoxide dismutase in
the sensory motor cortex by nearly one-half (115). Hildalgo et
al (116) noted an increase in brain metallothionein after 18 h of
> immobilization but not at 6 h, indicating a time-dependent
induction of antioxidant enzymes. Kindling of the amygdala is
associated with decreases in membrane order and lipid peroxi-
dation in hippocampus, striatum, and frontal cortex 24 h after
the last seizure (117). Collectively these data may suggest that
repeated periods of scvere stress may lead to a reduction in
tissue antioxidants and increase lipid peroxidation in the brain,
because the ability of the organism to regulate the antioxidant
status is overtaxed.

Chronic stresses are thought to contribute to coronary
artery discase by elevating triglycerides and total cholesterol
’ (118). Although norepinephrine stimulation of lipolysis
from adipose tissue during psychological stress is well de-
scribed (118), it is not widely recognized that norepineph-
rine-activated lipoprotein lipase preferentially releases
highly unsaturated fatty acids from adipose tissue (119).
Highly unsaturated fatty acids are most vulnerable to per-
oxidation and depletion when in the form of free fatty acids.
In depressed patients, plasma free fatty acids are increased
to a higher concentration than can be accounted for by their
peripheral catecholamine and cortisol concentrations (120).
Medical students had higher ratings of stress, anxiety, and
depression, but lower plasma concentrations of 20:4n—6 and
18:2n—6 than control subjects (121). Ratios of 20:4n—6 to
20:5n—3 were not calculated. Isolation stress in rats signif-
icantly inhibited the activity of liver A5- and A6 desaturases,
the enzymes necessary for conversion of 18-carbon fatty
acid precursors to 22:6n—3 and 20:4n—6 (122). Finally,
Reisbeck et al (123) note that n—3 fatty acid deficiency
might increase reactivity to stress expressed behaviorally by
polydipsia in rhesus monkeys. Thus, in the absence of
dietary supplementation, repeated stresses may lead to
increases in long-chain polyunsaturate degradation via per-
oxidation, inadequate replaccment by precursors, and even-
tual depletion of long-chain polyunsaturates, especially 22:
6n—3, which may increase the vulnerability to depression.
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THERAPEUTIC TRIALS OF POLYUNSATURATED
FATTY ACIDS

Although 22:6n—3 has not been directly tested in clinical
trials, indirect evidence may suggest that essential fatty acids
have therapeutic efficacy in treating depression. In The Anat-
omy of Melancholy, published in 1652, Burton (124) recom-
mended the use of borage oil, high in 56 polyunsaturates, as
well as a low-fat diet including fish. For severe cases, Burton
(124) recommended a 2-wk diet of brains, an excellent source
of 22:6n—3 and 20:4n—6. More receniiy, treatment with oral
phosphatidylserine, prepared from luivine cortex (BC-PS),
markedly improved depressive symptomatology in 11 elderly
women (125). Bovine gray matter phosphatidylserine contains
29% of its fatty acids as 22:6n—3 (126). In a multicenter study
of 494 elderly patients, treatment with 300 mg BC-PS/d mark-
edly reduced withdrawal and apathy scores compared with a
corn-oil placebo (127). Withdrawal and apathy scores, are
often difficult to distinguish from depression. Schizophrenics
with negative symptoms, characterized by withdrawal and ap-
athy, have less than one-half the congentrations of 22:6n—3 in
red blood cells compared with schizophrenics with positive,
psychotic symptoms (128). Negative symptoms appear to re-
spond to supplementation with MaxEPA (129). Stockert et al
(130) suggested that BC-PS may r¢gulate the serotonin re-
uptake site, a site of action of fluoxetine (Prozac; Dista Prod-
ucts Co, Division of Eli Lilly, Indianapolis). They noted that
BC-PS reduced [*H]imipramine binding sites in rat brain by
23% alone and by 47% when combined with amitryptyline. In
humans, mixtures of. hypothalamic phospholipids potentiated
antidepressant actions (131-133) and increased cerebrospinal
fluid 5-hydroxyindolacetic acid and homovanillic acid concen-
trations as well as somatotrophin release, measures often asso-
ciated with an improvement in depressive symptoms (134,
135). Similar mixtures reduced immobility of rats in the Porsolt
swim test (136). Borage oil and 20:5n—3 reversed psychoso-
cial stress—induced hypertension in humans (137) and rats
(138). In case reports, Rudin (139) noted beneficial psychotro-
phic effects of linseed oil, which is high in 18:3n—3. Taken
together, these studies merely hint at a therapeutic role for n—3
essential fatty acids in depression.

CONCLUSION

Dietary long-chain polyunsaturated fatty acids, critical to
both nervous system and cardiovascular function, may be an
important confounding factor in the recent observations that
lowering serum cholesterol may increase the risk of depression,
suicide, or violence. If low serum cholesterol concentrations
were linked to increased depression as Muldoon et al (140)
suggest, then depression might be associated with decreased
risk for coronary artery disease. This is in marked contrast with
decades of psychological research that indicates that depression
is positively associated with coronary artery disease. The end-
point of serum cholesterol may not be specific enough. Dietary
advice given in an effort to lower serum cholesterol typically
alters polyunsaturated fatty acid intake by substituting n—6
polyunsaturates for saturated fat, which increases the ratios of
n—6 to n—3 fatty acids, thereby lowering n—3 fatty acids in
tissues and organs (141). Human infant studies suggest that
such diets given in early development lead to lowered concen-
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trations of 22:6n—3 in neural tissues (21-23). Other conditions
associated with 22:6n—3 depletion, including alcoholism, mul-
tiple sclerosis, and postpartum states are also associated with
curiously high rates of depression. One mechanism may be
disruption of the biophysical properties of neuronal mem-
branes, which are critically determined by long-chain polyun-
saturated fatty acid composition. Biophysical properties of
synaptic membranes directly influence neurotransmitter bio-
synthesis, signal transduction, uptake of serotonin, binding of
B, adrenergic and serotonergic receptors, and monoamine OXx-
idase activity, factors that are all implicated in the neurobiol-
ogy of depression. Previous hypotheses concerning eicosanoids
(142, 143) and membrane order (144, 145) are consistent with
this biophysical hypothesis. Although we present a case for the
association between depression and 22:6n—3 deficiency, the
relations between dietary polyunsaturated fats, affective and
psychotic (146) disorders, as well as type A personality traits,
impulsivity, and violence, may also be important. The core
hypothesis presented here, that inadequate 22:6n—3 in the
nervous system may increase vulnerability to depression,
requires a great deal of future experimental work for confir-
mation but may suggest a role for dietary supplementation in
prevention or therapy for depression.

We acknowledge the late T George Bidder for his contributions to
science, education, and this hypothesis.
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